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ABSTRACT 
 
This work employed a commercial nitrocaburising process to diffuse a coating onto M2 grade high speed tool steel. 
Properties of the nitrocaburised coating (CN) such as thickness, roughness and hardness were characterised using a 
variety of techniques including Glow-Discharge Optical Emission Spectrometry (GD-OES) and Scanning Electron 
Microscopy (SEM). A tribological test has been developed in which two nominally identical crossed cylinders slide 
over each other under selected test conditions. The test has been employed to investigate the wear performance of both 
CN coated and uncoated M2 specimens and frictional behaviour of the sliding interface between the tool and a AISI 
1019 steel workpiece under unlubricated (dry) and lubricated conditions. Fourier Transform Infrared Spectroscopy 
(FTIR) was used to monitor the formation of chemical species from the oxidation of lubricant during tribological 
testing. 
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1.  INTRODUCTION 
 
Engineered surface coatings have been used 
extensively not only to fulfil the requirements of 
enhanced wear resistance for many applications, but 
also to improve the lifetime of working tools and 
mechanical components1-5. Over the last decades, many 
processes have been developed to produce hard, wear 
resistant and low friction coatings by diffusion and/or 
coating deposition techniques6.  
 
Diffusion methods, which modify the chemical 
composition of the surface by the inward diffusion of 
the coating materials such as carbon, nitrogen or boron 
into the base material, have been used effectively to 
produce surface coatings for protection and upgrading 
of a diverse range of metals. These coatings can have 
excellent resistance to high temperature oxidation and 
aqueous corrosion7. Many investigations have been 
carried out on different thermochemical processes and 
their effects on the microstructures of coatings8-12. 
However, there is only limited work on the friction and 
wear of diffusion coatings13-14. Nitrocarburising 
introduces nitrogen and carbon into the surface, usually 
by employing gaseous or plasma atmospheres or salt 
baths. This has become a major surface modification 
process for iron-based materials due to its many 
advantages such as wear, fatigue and corrosion 
resistance. Nitrocarburising basically produces a 
compound layer at the surface of the component, 
consisting of iron carbonitrides (ε-Fe2(N,C)1-x and γ’-
Fe4(N,C)), and below this a diffusion zone which is 
typified by interstitially dissolved components for 
carbon steels or finely dispersed alloying element 
nitrides for alloy steels9-10.  
 
High speed steels (HSS) not only have their major field 
of application as cutting tool materials, but also have 
been tried as substrate materials for both PVD and 
diffusion coatings5,10,12,13. However, only a few studies 
have used M2 grade HSS as a substrate15. In the current 
work, M2 grade high speed tool steel was used as a 
substrate for a nitrocarburised coating (CN) prepared 
by a commercial fluidised bed surface heat treatment 
process. A range of techniques were employed to 
characterise the properties of the CN coating. A 
crossed-cylinders wear test, which has been reported as 
an appropriate testing method for evaluation of the 
tribological characteristics of tool materials15-18, was 
used to investigate the performances of the CN coating 
under both unlubricated and lubricated conditions. A 
range of loads and sliding speeds were selected for the 
crossed-cylinders wear test. The oxidation of lubricant 
during tribological testing was explored by Fourier 
Transform Infrared Spectroscopy (FTIR). 
 
2.  EXPERIMENTAL PROCEDURES 
 
2.1 Crossed-cylinders Tribological Testing 
 
The wear test used was a simple crossed-cylinders test 
(Figure 1) consisting of three main parts: a tool, a 
counter-material and a loading apparatus. A cylindrical 
specimen of a tool fixed at the end of a loading 
apparatus was pressed against a solid cylindrical 
counter-material which was rotated on a program-
controlled lathe. The loading apparatus was mounted 
on the table of the lathe. The tool specimen was 
attached to the loading apparatus with a customised jig 
which facilitated easy removal and relocation of the 
specimen. The friction force during the crossed-
cylinders wear test was measured by a load cell with a 
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capacity of 20 kg and the output data from the load cell 
was acquired using a Portable DT9800 Datalog system 
with Data Translation Version 2.4 software. The 
operating variables including load, sliding speed, 
sample cylinders and lubricant could be easily changed. 
Friction and wear tests were carried out in an ambient 
laboratory environment and under different operating 
conditions (Table 1). 
    
      
 
      
 
 
 
 
 
Figure 1. Schematic view of a crossed-cylinders wear 
test. 
 
Table 1. Crossed-cylinders test conditions 
 
Normal load 
Initial contact pressure 
Sliding speed 
Sliding distance 
Temperature 
35.3 to 88.2 N 
1116 to 2789 MPa 
0.23 to 0.64 m/s 
23 to 414 m 
20 ± 5°C 
 
 
 
 
 
 
     
                                   
 
 
 
 
 
Figure 2. Schematic of contact between cylinders and 
wear scar of coating. 
T: The thickness of coating, δ: Maximum wear depth, 
D: Diameter of counter material, d: Diameter of the 
tool specimen, A: Width of wear scar. 
 
The sliding contact between the cylinders resulted in a 
wear scar (Fig. 2). An optical microscope (Olympus 
BX51M) was used to measure the wear scar width and 
then the maximum wear depth was geometrically 
calculated as follows: 
 
(D/2 - δ)2 + A2 / 4 = D2/4  (1) 
 
Dδ - δ2 = A2 / 4   (2) 
However, δ << D, therefore, δ2 ≅ 0. 
Thus in equation (2), δ2 is negligible, and equation (2) 
becomes: 
 
Dδ ≅ A2 / 4   (3) 
 
rearranging gives: 
 
δ ≅ A2 / 4D   (4) 
 
where δ is the maximum wear depth, D is the diameter 
of counter material and A is the width of wear scar. 
 
2.2 Materials and Specimens 
 
The substrate material used was M2 high speed steel 
(C0.90, Cr4.1, Mo5.0, V1.8, W6.4). A commercially 
available surface treatment was used to produce a CN 
diffusion layer on M2 steel (Quality Heat Technologies 
Pty Ltd, Victoria, Australia). Nitrocarburising was 
carried out in an alumina fluidised bed furnace at 
570 °C for 4 hours using a gas mixture of NH3, N2 and 
CO2. The diameter of the tool specimen was 12mm. 
The counter-material was a 10mm long steel bar with a 
diameter of 11.5mm, machined from AISI 1019 steel 
rod (nominal composition: Fe98.05, C0.15, Cr0.02, 
Mn0.89, V0.03, Si0.33, Cu0.04, Ni0.20) with a 
diameter of 13 mm.  
 
The properties such as hardness, roughness and 
thickness were characterised using a variety of 
techniques (Table 2). 
 
Table 2. The properties of specimens 
 
Material Hardness 
(HV) 
Surface 
roughness 
Ra (µm) 
Thickness 
of coating 
(µm) 
M2 Substrate 820 0.05 - 
CN coated M2 1220 0.40 18.7 
(compound 
layer) 
 
Micro-Vickers hardness was measured using a Leitz 
Wetzlar micro indenter machine. Five measurements 
were taken under a load of 100g and the average 
hardness was calculated from these results.  
 
The surface roughness was measured using a Taylor 
Hobson Surtronic 3+ Profilometer over a 25mm 
traverse length and the average roughness (Ra) was 
calculated from five traces in different directions. 
 
The coating and the adjacent regions were examined by 
optical microscopy and Scanning Electron Microscopy 
(SEM). Glow-Discharge Optical Emission 
Spectrometry (GD-OES) was used to measure the 
elemental depth profile of the coating. An Olympus 
BX51M optical microscope, a Leo 1530 scanning 
electron microscope and a Leco GDS-850A GD-OES 
spectrometer with a Grimm-type DC lamp were 
employed for this study.  
 
Normal load  
Tool specimen Lubricant Counter-material 
      D 
                 
δT 
A 
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The lubricant used for tests was non-commercial 
mineral oil lubricant provided by Castrol (Australia).  
 
2.4 Spectroscopic Studies 
 
The degradation of lubricant during the crossed-
cylinders tribological testing was investigated by 
Fourier Transform Infrared Spectroscopy (FTIR). 
Lubricant samples for FTIR tests were obtained by 
washing the wear scars of the counter cylinders (1019 
steel bars) using dichloromethane and then drying in 
air. The sliding pairs were cleaned with hexane before 
each tribological test. Infrared spectra of samples were 
recorded on a Perkin Elmer FTIR Spectrometer 
SPECTRUM 2000 with a KBr window. The regular 
scanning range used for the samples was 400-4500 
cm-1 and the number of scans was set at 32. A spectral 
resolution of 8 cm-1 was used.  
 
        100 µm  
      
 
a. Optical micrograph of compound layer and diffusion 
zone 
 
 
 
 
 
 
 
 
 
 
 
 
b. SEM micrograph of compound layer 
 
Figure 3. Optical and SEM micrographs of CN coating 
on M2 tool steel, A: Cover layer; B: Porous zone; C: 
Fully dense area of compound layer; D: Whole 
compound layer; E: Diffusion zone; F: Substrate. 
 
3.  RESULTS AND DISCUSSION 
 
3.1 Coating Structure and Quantitative Depth-
Profiling  
 
After the nitrocarburising process, the M2 steel 
exhibited a surface compound layer (white layer) about 
18 µm thick and a diffusion zone that extended to 
about 140 µm below the surface. The compound layer 
consisted of a cover layer (white), a porous zone (grey) 
and a fully dense area of compound layer (white) 
(Figure 3a). The SEM micrograph shows the structure 
of the compound layer with a thickness of around 18.7 
µm (Figure 3b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The quantitative GD-OES depth profiling 
results for CN coating 
 
The elemental concentrations for iron, carbon, 
tungsten, molybdenum, chromium, vanadium, nitrogen, 
and oxygen were measured. From the graphs for the 
atomic percent of the main elements (Fig. 4), it can be 
seen that there is a broad oxygen peak at ~ 4 – 7 µm. 
This is the porous region (grey in Figure 3a) of the 
compound layer. The greater surface area here allows a 
higher volume fraction of surface oxides to grow. The 
iron and nitrogen peak directly above the porous region 
(1 – 4 µm) presents an iron carbonitride ‘cover layer’ 
(white in Figure 3a). There is also a broad carbon peak 
deeper within the compound layer (10 – 20 µm). The 
top ~1 µm of surface of is scale, formed during 
treatment due to the oxygen potential of the treatment 
atmosphere. The percentages of all other elements 
decrease here because the amount of oxygen is so high. 
The quantitative depth profiling from GD-OES 
measurement is in good agreement with the optical 
microscopy and SEM of the compound layer structure 
and thickness.  
 
3.2 Friction Force and Lubricant Breakdown 
 
The experiments were conducted at a sliding speed of 
0.23 m/sec and different normal loads with lubricant 
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present. There are significant changes in the friction 
force under different normal loads. Higher normal 
loads give higher friction forces (Figure 5a). It can also 
be seen that there is an obvious turning point in each 
curve (Figure 5b). Until the sliding distance reaches 
this point, the lubricant is performing effectively. After 
this point, however, the friction force suddenly 
increases to a higher level and the curve also becomes 
noisier when compared with the earlier friction forces. 
The sudden increase in friction force is caused by 
lubricant breakdown which can be defined as the 
lubricant no longer being effective. The sliding 
distance at the point of lubricant breakdown can be 
defined as the effective sliding distance of the 
lubricant. The effective sliding distance of the lubricant 
reduced with increasing normal load.  
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
Figure 5. Variation of the friction force (a) and 
lubricant breakdown (b) with normal load for the 
CN/1019 steel pairs with oil lubricant and a sliding 
speed of 0.23 m/s. 
 
From the friction force curve, the mean friction force 
can be calculated and then the coefficient of friction 
can be obtained by Amontons-Coulomb law19: 
 
µ = F / N  (5) 
 
where µ is coefficient of friction, F is mean friction 
force and N is normal load. 
 
 
 
(a) Coefficient of friction for both uncoated and CN 
coated M2/1019 steel pairs, the coefficient of friction 
for lubricated conditions was obtained prior to 
lubricant breakdown. 
 
 
(b) Wear depth on the CN coated M2 
 
Figure 6. Coefficient of friction and wear depth versus 
normal load unlubricated and with oil lubricant, sliding 
speed 0.23 m/s, sliding distance 414 m. 
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3.3 Effect of Normal Load 
 
Variation of friction and wear with normal load was 
measured under both unlubricated and lubricated 
conditions (Figure 6). The selected sliding speed was 
0.23 m/sec. Each test had a sliding distance of 414 m 
under the selected load. For each contact pair no 
significant changes are observed in the coefficients of 
friction when the load is raised (Fig. 6a). However, the 
coefficients of friction for the lubricated conditions 
before lubricant breakdown are much lower than those 
for the unlubricated conditions. For both unlubricated 
and lubricated conditions, the values of coefficients of 
friction for the CN coated M2/1019 steel pairs are 
slightly lower than those of the uncoated M2/1019 steel 
pairs. The wear depth on the CN coated M2 for 
unlubricated conditions, on the other hand, increases 
significantly with load (Figure 6b). The values of wear 
depth are, however, much lower in the presence of 
lubrication although lubricant breakdown occurred 
during testing for all points. The values of wear depth 
for the uncoated M2 are not included here for 
comparison because lubricant breakdown occurred at 
very early stage of the testing.  
 
Material transfer between the counter surfaces, based 
on the observation of wear debris being generated6, 
occurred during both unlubricated and lubricated tests. 
The greatest amount of material transfer was found 
under unlubricated conditions, thus giving rise to the 
higher coefficient of friction and wear depth. Lubricant 
can prevent adhesion and material transfer, especially 
at lower load, thus reducing both the friction 
coefficient and wear depth. 
 
3.4 Effect of Sliding Speed 
 
To investigate the influence of sliding speed, 
experiments were carried out under the same normal 
load of 70.6 N and both unlubricated and lubricated 
conditions with different sliding speeds. Each test had a 
sliding distance of 222 m. It can be seen that, for 
unlubricated conditions, both the coefficient of friction 
(Figure 7a) and wear depth (Figure 7b) were strongly 
affected by sliding speed with the values for both 
coefficient of friction and wear depth increasing with 
an increase of sliding speed. For lubricated conditions, 
however, there were no significant changes in the 
coefficient of friction (Figure 7a) and only a small 
increase in wear depth with increasing sliding speed 
(Figure 7b), indicating that the presence of lubricant 
lowered both the coefficient of friction and wear depth 
although early lubricant breakdown at high sliding 
speeds was observed. While measurements were not 
taken, it was clear when handling the samples that the 
temperatures of the unlubricated samples tested at high 
sliding speeds were much higher than those of other 
samples. High temperature could accelerate the 
diffusion between the contact surfaces and result in 
intense adhesion, increasing in the coefficient of 
friction and wear depth20. 
 
 
3.5 Effect of Coating 
 
The sliding distance at which breakdown of lubricant 
occurred, based on the change in friction force (Figure 
5b), was compared in the presence of oil lubricant 
(Figure 8) for different loads. The selected sliding 
speed was 0.23 m/s. The sliding distance to lubricant 
breakdown reduced with increasing normal load for 
both uncoated and CN coated specimens. Under all 
tested loads, coated tool/1019 steel pairs can slide a 
much longer distance to lubricant breakdown when 
compared with uncoated M2/1019 steel pairs. It is 
likely that the longer sliding distance before lubricant 
breakdown with CN coated specimens relates to the 
porous zone of the coating or possibly other 
lubricant/coating interactions. The porosity of the 
coating is sometimes regarded as beneficial since it 
promotes retention of lubricant and thus enhances the 
tribological properties under lubricated conditions10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
(b) Early lubricant breakdown occurred at those 
points. 
 
Figure 7. Coefficient of friction (a) and Wear depth (b) 
versus sliding speed for the CN/1019 steel pairs under 
unlubricated and with oil lubricant, normal load 
70.6 N, sliding distance 222 m, coefficient of friction 
for lubricated conditions was obtained prior to 
lubricant breakdown. 
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Friction and wear for both uncoated M2/1019 steel and 
CN coated M2/1019 steel pairs were compared under a 
load of 35.3 N and a sliding speed of 0.23 m/sec with 
the lubricant (Figure 9). The sliding distance for each 
test was 138 m. The coefficient of friction for the CN 
coated M2/1019 steel pairs is slightly lower (about 
10%) than that of the uncoated M2/1019 steel pairs. 
Wear depth on the CN coated specimen, however, is 
much lower (about 60%). This is attributed to good 
wear resistance of the thick compound layer of the CN 
coating. 
 
 
Figure 8. Sliding distance to lubricant breakdown for 
CN coated and uncoated M2 steel specimens in contact 
with AISI 1019 steel, oil lubricant and a sliding speed 
of 0.23 m/s were used. 
 
 
 
Figure 9. Wear depth and coefficient of friction for 
both uncoated and CN coated M2 tool specimens in 
contact with AISI 1019 steel, load 35.3 N, sliding 
speed 0.23 m/s, sliding distance 138 m. 
 
The wear performance for both uncoated and CN 
coated M2 specimens was also studied under 
unlubricated conditions. A load of 70.6 N and a sliding 
speed of 0.23 m/s were used. The wear depth, for both 
uncoated and CN coated M2 specimens, increases with 
an increase in sliding distance. For the CN coated 
specimen, the wear depth increases gradually with the 
values being much less compared with uncoated M2 
specimen (Figure 10). It is evident that the CN coating 
can significantly improve wear resistance of the tool 
surface.  
 
 
 
Figure 10. Wear depth versus sliding distance for CN 
coated and uncoated M2 steel specimens in contact 
with AISI 1019 steel, unlubricated condition, load 
70.6 N, sliding speed 0.23 m/s. 
 
 
Figure 11. FTIR spectra of unused and used lubricant 
L1 in contact with CN coating and M2 steel, load 35.3 
N, sliding speed 0.23 m/s, sliding distance 69 m. 
 
3.6 Oxidative Degradation of Oil Lubricant  
 
It is well established that hydrocarbon oxidation is an 
autocatalytic process involving the free radical reaction 
with oxygen to produce low-molecular-weight 
products.  These chemical species usually include 
functional groups such as alcohol, hydroperoxide, 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
5001000150020002500300035004000
Wavenumbers (cm-1)
A
bs
or
ba
nc
e Used on CN
Used on M2
Unused
1768
1712
1740
0
100
200
300
400
500
30 40 50 60 70 80 90
Load (N)
Sl
id
in
g 
di
st
an
ce
 (m
)
CN coated M2
Uncoated M2
0.00 
0.03 
0.06 
0.09 
0.12 
M2 CN 
C
oe
ff
ic
ie
nt
 o
f f
ri
ct
io
n 
0
1
2
3
4
W
ea
r 
de
pt
h 
(µm
) 
Friction Wear
0
3
6
9
12
15
18
20 60 100 140 180 220
Sliding distance (m)
W
ea
r 
de
pt
h(
µm
)
Uncated M2
CN coated M2
MATERIALS FORUM VOL. 27 (2004) 54 - 61 
© Institute of Materials Engineering Australasia Ltd – Materials Forum Volume 27 - Published 2004 60
carboxylic acid, ester, aldehyde and ketone that provide 
characteristic FTIR spectral bands. The FTIR spectra 
for the products generated from oil oxidation usually 
appear in three regions: (a) the hydroxyl stretch 
frequency O-H (3600 – 2500 cm-1), (b) carbonyl 
frequency C=O (1900 – 1600 cm-1) and (c) carbon-
oxygen stretching frequency C-O (1500 – 900 cm-1)21. 
 
In this study, FTIR was used to monitor oil lubricant 
degradation products after tribological testing. For both 
the original and used oil lubricant, a number of strong 
bands in the spectra indicate that there are no 
significant changes in C-H bands (Figure 11). The C-H 
stretch bands for the –CH3 group are at around 2955 
cm-1 while for the –CH2 groups are at about 2920 and 
2855 cm-1. The bands for C-H asymmetric deformation 
in –CH2 groups and –CH3 groups, and for the –CH2 
chain rocking are at approximate 1460, 1375, and 722 
cm-1, respectively21. Evidence of oxidation products, 
however, appeared in the O-H, C=O and C-O spectral 
regions for used lubricant. For used lubricant from both 
the CN coated and uncoated M2 tool steel, a new broad 
band appeared at around 3430 cm-1 indicating the 
presence of alcoholic O-H groups21, and weak peaks 
appeared in the region between 1500 – 900 cm-1 
represented carbon-oxygen compounds including 
carbonyl, hydroxy and ether compounds22,23. It appears 
that, however, there are some differences for the 
absorptions in the carbonyl region (1900 – 1600 cm-1) 
between two used oil lubricant samples. The C=O 
spectral region for lubricant used for M2/1019 steel 
contact pairs contains a spectral band with maxima at 
1740 cm-1 which is usually associated with esters22,23 
and absorptions at around 1635 cm-1, possibly 
representing conjugated carbonyl species22. In the 
FTIR spectrum for oil lubricant used with the CN/1019 
steel pairs, there is a strong peak at 1712 cm-1 which 
usually represents carboxylic acids, while the minor 
peak at 1768 cm-1 indicates the possible formation of a 
5-membered ring lactone22. No absorption appears at 
around 1740 cm-1 which is usually associated with 
esters. It has been reported by Bowman et al.24 that the 
formation of carboxylic acids from the oxidation of oil 
lubricant can absorb on the contacting surfaces and 
protect the surfaces against scuffing failure. It is shown 
here (Figure 8) that the oil-based lubricants have better 
performance when used with the CN coating. This may 
be attributed to the formation of carboxylic acids from 
the degradation of oil lubricants during tribological 
testing.  
 
4. CONCLUSIONS 
 
 The values of wear depth vary with both load and 
sliding speed. Higher loads and sliding speeds give 
greater wear depths, especially for the unlubricated 
tests. 
 The use of lubricant can minimise adhesion 
between the contact surfaces and thus reduce both 
coefficient of friction and wear depth.  
 Nitrocarburised coating (CN) can significantly 
improve not only wear resistance of the tool 
surface, but also the performance of lubricant 
which may be attributed to not only the porous 
zone of the CN coating but also the formation of 
carboxylic acids during the oxidative degradation 
of oil lubricants. 
 The crossed-cylinders wear test is a useful and 
reliable method and could be applied as a cheap 
laboratory technique to pre-screen new lubricant 
formulations and materials selections. 
 It is evident that the oxidative degradation of 
lubricants occurred during the tribological testing 
and Fourier Transform Infrared Spectroscopy 
(FTIR) is a useful technique for monitoring the 
degradation.  
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